This paper presents the computed Specific Absorption Rate (SAR) in the human eye using measured field strengths from RF signals radiated by FM radio, TV and mobile cellular base stations operating in the 900 MHz band, in different parts of Sri Lanka. The SAR values in the eye are well below the internationally recognized FCC standards on human exposure to RF radiation. Calculations were carried out using the Finite Difference Time Domain (FDTD) method.
INTRODUCTION
The rapid deployment of wireless communication systems such as cellular phones has caused an increased concern for the potential dangers to public health as a result of exposure to electromagnetic waves. Signals are transmitted in the form of electromagnetic waves in all directions by FM radio transmitters broadcasting in the VHF region and TV transmitters broadcasting in the VHF and UHF * Corresponding Author, E-mail: indra@ent.mrt.ac.lk .
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regions. In cellular mobile systems and fixed wireless local loop systems, base stations transmit in the UHF and microwave regions. Computer networks and the Internet are accessed using wireless techniques at frequencies in the microwave range from 2 to 4 GHz, using bluetooth technology for short distances, WiFi technology for longer distances and WiMax technology for very long distances such as 10 to 20 km. As the number of users grows, more base stations are installed to increase the system capacity. In urban areas, base stations are closer together but operated at lower power levels than the rural areas where cells tend to be larger in size. Thus we are constantly being exposed to RF and microwave radiation from a variety of wireless communication systems. The electromagnetic waves of different power levels and different frequencies penetrate into the human body causing health risks; this is of great public concern.
The rate at which electromagnetic energy is absorbed by the tissues of the human body is usually quantified by the specific absorption rate or the SAR value. It is a quantity that depends on the tissue mass and the strength of the electromagnetic waves inside the body as given in equation (1),
where E is the electric field intensity of the electromagnetic wave in the tissue, s and r are the . 'Exposure Quotient' is a useful dimensionless quantity that expresses the exposure due to electric fields of multiple radio signals at any location as given in equation (2) . (2) where S i is the power density and MPE is the maximum permissible exposure of power density at the i th frequency. For safety, the 'exposure quotient' must be less than or equal to one.
BIOLOGICAL EFFECTS DUE TO EXPOSURE
It has been known for many years that exposure to RF radiation can be harmful due to the ability of RF energy to heat biological tissue rapidly. Exposure to very high RF power densities of the order of , can result in heating biological tissues and thereby increasing the body temperature [6] . Tissue damage could also occur during exposure to high RF levels because the body is unable to cope with or dissipate the excessive heat that could be generated. Under certain conditions, exposure to RF energy at power density levels of 1 to 10 mW/cm 2 can result in measurable heating of biological tissue [6] but not necessarily cause tissue damage. Two areas of the body, the eyes and testis, are known to be particularly susceptible to heating by RF energy because of the relative lack of available blood flow to dissipate the excessive heat. It is reported that short term exposure to very high levels of RF radiation have caused cataracts in rabbits [6] . Temporary sterility, caused by such effects as changes in sperm count and sperm mobility, is reported to be possible after exposure of the testis to high-level RF radiation. Mice and rabbits have been employed for most of the experimental investigations on biological effects of RF exposure.
The RF exposure levels in different parts of Sri Lanka are known [7] . The measured values consisted of fields radiated by a large number of FM radio, TV and cellular mobile base stations. From several spot measurements taken from over 20 major towns in the country it has been shown that the exposure levels at these locations are well below FCC standards [2, 7] . This paper reports the SAR values calculated for the human eye, using the measured values of the electric field strength in different cities in Sri Lanka and they are compared with the FCC standards. The eye is taken for the calculations because it is one of the most sensitive organs of the human body. This paper also reports the results of estimated SAR distribution in different organs of the human body such as the eye, brain, kidney and testis, due to different incident RF signals at different frequencies. [9] and later developed by many researchers [10] [11] [12] is the most often used numerical technique to solve the electromagnetic dosimetry problems [13] [14] [15] . This paper reports results of SAR calculations using FDTD method to examine the SAR distribution in different organs of the human body.
FIELD DISTRIBUTION INSIDE THE BODY AND SAR CALCULATIONS

Field Distribution inside the body
The electric field intensity at different points that make up the organ under investigation is obtained using the FDTD method. In this method, Maxwell's equations in the differential form are solved when an incident uniform plane electromagnetic wave propagates through the body as shown in The components of E and H fields are positioned at half step intervals around a unit cell. The parameters σ, µ and ε are the conductivity, permeability and permittivity respectively of the body.
The vector equations (3) & (4) represent a system of six scalar equations, which can be expressed in the rectangular coordinate system (x, y, z) as; The body under investigation is divided into a large number of small cubic cells of size δ x , δ y , δ z and the investigation is carried out at 'δt' time intervals until steady state is reached. The propagation of an incident RF wave, E i , through the body having electrical properties, σ, µ and ε is governed by equations (5) to (10) . The equations are solved using FDTD method by converting the six partial differential equations into six difference equations from which all six field components, For good accuracy in FDTD simulations, the cell dimensions should be less than one tenth of the wavelength in the medium when it has the highest permittivity.
i.e:
For stability, the time step is given by,
In the FDTD method, the radiation condition is not implicit and therefore as the RF wave propagates inside the body, the scattered waves must be truncated at the edge of the computing field. The truncation used is in accordance with Bayliss and Turkel [16] , and it results in an error as given by equation (13) . (13) where f is the frequency of the incident signal, r is the distance from the center of the scattering site to the edge of the computing field and c is the velocity of light in free space. Equation (13) implies that problems using lower incident frequencies may require a larger volume surrounding the body to avoid errors due to imperfect truncation conditions. Thus a computing field of approximately 5δ to 10δ is used for minimum truncation error [17] .
SAR distribution
When the E-field distribution inside the body is estimated, the SAR distribution is also easily obtained from equation (1) . The region with the maximum field corresponds to the region with maximum SAR value. Hence the maximum SAR and the SAR distribution for different body organs of different shapes and sizes having different electrical properties, σ, µ and ε can be estimated from the E-field distribution.
ORGAN MODELS FOR SAR CALCULATIONS
For SAR calculations, the body organs under investigation are modeled in such a way that calculations can be carried out without much difficulty. Spherical models are used for the human eye [18] and testis [19] [19] . Tissues of brain, eye sclera, kidney and testis are taken as homogeneous. For electrical characterization of the tissues, the permittivity and conductivity data reported in Gabriel's paper [20] and their highest values in the range of frequencies of interest are taken for SAR calculations.
According to equation (13) , the lower incident frequency dictates a larger surrounding volume to minimize errors. Rather than using an enormous amount of computer resources, the cell size was increased at lower frequencies, without sacrificing accuracy and stability of the solutions. Using the symmetrical properties of the organs, only one fourth of the organs are used for SAR evaluation, in order to reduce the computational time.
For evaluation of the SAR in the human eye at the frequency of 900 MHz, the eye was divided into a number of cubic cells of size δ =1.25 mm and enclosed in to a rectangular box of size 39δ×39δ×39δ, and lattice truncation condition was applied for the FDTD method. Fig. 2 shows one forth of the eye model at this frequency. The incident plane wave is assumed to propagate in the +y direction. This wave is generated at the lattice plane y=3δ. At planes y=0, y=39δ, x=δ/2 and z=0 the field components E z and H x are determined using lattice truncation conditions. 
OBSERVATIONS & RESULTS
SAR Levels in the Eye of the Public
The SAR values in the eye are evaluated using FDTD method for the public using spot field measurements [7] taken in different urban areas. As the human eye is one of the most sensitive organs of the body, the SAR values for 1 g tissue of the eye are evaluated for the worst-case situation for each city for compliance testing. The maximum SAR values obtained are given in Table   1 . The total SAR 1g for a particular frequency range is calculated by multiplying the maximum SAR value by the number of received signals of that frequency range. This procedure is applied to the other three frequency ranges as well and finally the grand total SAR 1g is calculated for each site.
As seen in the results, the total SAR 1g values in each city are well below the safe limits. The highest SAR value of 0.0922 W/kg was observed from Badulla; measurements were made at the Uva provincial cricket grounds. The measurements indicate that the highest contributor to the SAR at Badulla is from the mobile base stations; perhaps the measurement site which is the Uva provincial 
Maximum SAR in the human body organs: eye, brain, kidney and testis
The Table 2 . Table   1 also show that the main exposure from all sites is due to the cellular mobile base stations. As the cellular mobile base stations are rapidly on the increase, the SAR would increase beyond the values given in the table and some public concern has to be expected as high SAR could cause health risks.There are no such field measurements or SAR calculations reported from neighbouring countries for comparison. Up to now there are very few results reported from other parts of the world [21] and they include only emissions from one or two transmitters and as such the estimated SAR values are very low. Table 2 shows that in all organs except the testis, the maximum SAR 1g values increase with increasing frequency. Our calculations show that the highest SAR is in the eye and it is approximately 0.31 W/ kg and occurs at the highest frequency of 2500 MHz. The FCC standard is 1.6 W/kg. Such high values of SAR are considered to be a possible cause of eye cataract [22] [23] . The SAR in the brain is higher than that of all other organs at low frequencies. In the case of the testis, the maximum SAR increases with increasing frequency; reaches a peak at 1800 MHz and falls off as the frequency continues to increase. This is clearly seen when the SAR distribution is examined as discussed in the next section. frequencies and an increase in the frequency does not affect the shape of the curve. In the case of the kidney, at low frequencies, the highest SAR is observed at the front layers and this gets shifted towards the center of the kidney at 900 MHz. When the frequency of the incident signal is increased beyond 900 MHz, in the eye and the testis, an increase in the SAR value is observed towards the interior of the organ. The eye and testis are said to be more sensitive to higher frequencies [21] . In the case of the eye, the position of the highest SAR gets shifted towards the center of the eye as the frequency increases. This implies that when the eye is exposed to higher frequencies, 'hot spots' are created towards its center as seen in Fig. 8 .
SAR distribution in human body organs
A similar behaviour is observed in the testis, as shown in Fig. 9 . However the peak value decreases beyond a certain frequency, in this case at around 1800 MHz.
In the case of the kidney, the SAR distribution is such that, although at low frequencies the SAR is high at the surface, this value drops to less than half at high frequencies. However, there is a broad peak towards the middle of the testis at high frequencies and the peak becomes narrower and sharper with increasing frequency; its magnitude gradually drops as the frequency increases. This is shown in Fig. 10 . Its biological implications are not yet known. frequencies. The similar peak in the SAR curve is seen in the kidney. Its magnitude gets smaller when the frequency goes beyond a certain high frequency and the peak gets shifted to the interior with increasing frequency. However, all estimated values are reasonably less than the public safety limits specified by FCC.
When the 3G mobile communication systems become operational in the very near future, public would be exposed to more microwaves and the exposure levels would go up. The eye and testis would be exposed to higher frequencies such as 3500 MHz and beyond. As such 'hot spots' would be created close to the center of the eye and the testis; this certainly should be of public concern. As the demand for telephone and broadband internet access increases, the wireless network providers would install more base stations with the result that the strength of the field exposed to, by the public, would go up and with that the SAR would go up. Hence it is advisable to carry out SAR evaluations periodically to check and maintain SAR at acceptable levels for public safety. Our results indicate that the maximum SAR values inside the four vital human body organs analyzed in this paper are below FCC standards and therefore at present we are safe.
